Background: Von Hippel-Lindau (VHL) disease is a familial cancer syndrome that has a dominant inherited pattern which predisposes affected individuals to a variety of tumors. The most frequent tumors are hemangioblastomas of the central nervous system and retina, renal cell carcinoma (RCC), and pheochromocytoma. The recent identification and characterization of the VHL gene on human chromosome 3p and mutational analyses confirms the VHL gene functions as a classical tumor suppressor. Not only are mutations in this gene responsible for the VHL syndrome, but mutations are also very frequent in sporadic RCC.
INTRODUCTION
Von Hippel-Lindau (VHL) disease is an autosomal dominant cancer syndrome characterized by the development of a variety of benign and malignant The VHL tumor suppressor gene was recently isolated by positional cloning methods. Fluorescence in situ hybridization (FISH) maps the gene to a single locus at chromosome 3p2 5 (2) . The complete coding sequence of the VHL gene has not yet been delineated, but the cloned partial cDNA encodes three exons encompassing 852 nucleotides. This sequence encodes a short open reading frame of 284 amino acids. The single copy gene is highly conserved across species as diverse as mammals, drosophila, and sea urchin, suggesting it encodes a protein with fundamental cellular function. VHL is expressed in all human tissues tested by Northern analysis. Two transcripts are expressed in a spatial and temporal manner and represent alternative spliced forms of the VHL mRNA (2, 3) .
Subsequent studies have focused on somatic mutations within the VHL tumor suppressor gene in renal cell carcinoma. RCC can be subdivided into two categories: tumors associated with or without chromosome 3 abnormalities. Most VHL and familial renal tumors as well as sporadic RCC are of the clear cell type associated with chromosome 3p abnormalities (4, 5) . Two separate investigations have recently identified VHL somatic mutations in 57 and 56% of sporadic clear cell renal carcinomas studies (3, 6, 7) . Comparison of advanced primary or metastatic renal carcinoma to localized clear cell carcinoma show that VHL mutations occur in the early stages of kidney tumorigenesis. Additionally, VHL mutations were identified in a familial RCC carrying a constitutional translocation. This form of familial cancer, as well as mutations found in both localized and advanced sporadic RCC, indicates that the VHL gene has a critical role in development of renal carcinoma (3) .
In dial (thoracic) and abdominal regions ( Fig. 1  C-J) . In particular, VHL expression was evident in the following structures: peripheral and central nervous system, thymus, heart, primordial lung bud, liver, spleen, stomach, pancreas, kidney, gonads, uterus, bladder, adrenal gland, intestine, somatic muscle, and cartilage ( Fig. 1  C-J) .
THORAX. Early in lung development, VHL expression was evident in a diffuse pattern. As the lung underwent further differentiation, a differential pattern of expression was apparent within the epithelial lining of the bronchioles. Within the developing pericardial cavity, expression of VHL was noted in the pericardium and the heart musculature ( Figs. 1 and 2 ). Minimal expression occurred within the developing thyroid gland and thymic rudiment (data not shown).
ABDOMEN. (Fig. 3 A-D) . By E 13.5, the well-developed central nervous system reveals an easily recognizable third and fourth ventricles, thalamus, midbrain, and cerebellum. In addition to the neuroepithelial VHL expression in the above mentioned structures, the cerebellum and choroid plexus of the fourth ventricle appear to contain a higher degree of VHL gene activity (Fig. 3 E-H) . In the peripheral nervous system, the cranial nerves of the trigeminal ganglion (V) and the vestibulocochlear ganglion (VIII) as well as the paraspinal ganglions exhibited high levels of VHL expression (data not shown).
The most impressive VHL expression pattern in the central nervous system was noted in the E 16.5 embryo in the structures of the eye. While both the inner and outer neuroblastic layers of the retina and lens contain high VHL expression, the adjacent structures reveal minimal activity. A control sense probe shows no VHL expression indicating the specificity of the expression pattern (Fig. 30) .
DISCUSSION
The Von Hippel-Lindau disease represents a spectrum of phakomatoses whose inherent features include those of an autosomal dominant penetrance, as well as developing lesions with a propensity towards malignant degeneration. The most common lesions in VHL include those of hemangioblastomas of the retina and cerebellum as well as angiomas of spinal cord and cystic lesions of solid organs. These cystic areas tend to affect the pancreas and epididymis and, to a lesser extent, the liver and lungs (12) . Furthermore, several urologic manifestations of VHL represent a significant portion of the overall disease process and include pheochromocytoma, renal cysts, renal angiomas, and renal cell carcinomas. With the wide spectrum of anomalies in this disease process, we thought it important to further characterize the VHL expression pattern throughout embryogenesis to further gain insight into normal and abnormal organogenesis, and the developmental potential of benign and malignant degeneration based on VHL misregulation.
VHL expression was clearly evident in all derivatives of the three germ cell layers of the murine embryo model. While specific areas known to undergo abnormal differentiation as part of the VHL syndrome revealed developmental expression of VHL, many areas not previously reported as developing pathologic changes in this syndrome also demonstrated VHL expression. These areas included the thymus and thyroid gland, spleen, heart, bladder, skeletal muscle, uterus, ovary, and testes.
An interesting observation apparent from this in situ investigation was the differential developmental VHL expression within epithelial cells derived from mesoderm (kidney and epididymis), endoderm (lung and pancreas), and ectoderm (eye). As demonstrated in human and murine nephrogenesis, VHL expression was ubiquitous within the metanephric, ureteric, and stromal components of the developing kidney. Higher expression was noted within the welldifferentiated epithelial cells of the proximal tubules which are derived from metanephric blastema of mesodermal origin (13) . This localization of VHL expression is consistent with the histopathologic studies of the origin of the clear cell phenotype of renal cell carcinoma and their associated VHL mutations and/or methylation (3, 14, 15) . The developing lung also showed a higher differential expression within the endodermally derived cuboidal epithelial lining of the terminal and respiratory bronchioles. Most impressive was the VHL expression within the epithelial cells of the lens which derive from the ectoderm.
Hemangioblastomas of the central and peripheral nervous system as well as angiomas of solid organs are a central feature of the VHL syndrome. While in situ expression of VHL was demonstrated in the characteristic areas where these lesions develop such as the cerebellum and retina, no obvious distinctive cellular features regarding blood vessel expression were localized in these areas. The clinical development of hemangiomas and angiomas has recently been shown to be secondary to VHL mutations which suggest that normal VHL expression may be required for the differentiation of mesenchyme into angioblasts and endothelial cells (6) .
Having characterized the pattern of VHL expression throughout murine embryogenesis and human nephrogenesis, how several of the structures with high levels of VHL gene expression undergo malignant transformation remains to be determined. Conversely, why some organ systems with developmental expression of VHL reveal no phenotypic changes in the VHL syndrome is also unclear. Renal cell carcinoma has been studied with respect to various mutations and other changes in the VHL genome that may provide mechanisms for its carcinogenesis. In a recent study by Herman et al., they demonstrated hypermethylation of a normally unmethylated CpG island in the 5' region of the VHL gene in 5 of 26 tumors examined for this change (15) . Another study on renal cell carcinomas confirmed a loss of heterozygosity (LOH) in greater than 97% of sporadic tumors with 57% having VHL mutations (3). As we have shown differential expression of the VHL gene in several areas of the developing embryo, it remains plausible that abnormal methylation of cytosine residues, mutations with or without LOH may convert this normal expression pattern into either a benign or malignant degenerative pattern, or may suppress functional developmental expression following terminal differentiation. Therefore, there appear to be several factors which function as initiating or regulating events of the VHL gene in normal organogenesis as well as the pathogenesis of benign and malignant transformation associated with the VHL syndrome.
In summary, we have characterized a unique pattern of VHL expression in the human fetal kidney and murine embryo model. The differential expression patterns seen in several of the developing tissue structures corroborate with the known postnatal developmental defects that are a part of the spectrum seen in patients with von Hippel-Lindau disease but need to be confirmed by immunohistochemical localization when suitable antibodies become available. However, this work clearly provides a temporal and spatial framework for further identifying and characterizing the deleterious effects of the VHL 
